Equine sarcoids are highly recurrent bovine papillomavirus (BPV)-induced fibroblastic neoplasms that are the most common skin tumours in horses. In order to facilitate the study of potential equine sarcoid prophylactics or therapeutics, which can be a slow and costly process in equines, a murine model for BPV-1 protein-expressing equine sarcoid-like tumours was developed in mice through stable transfection of BPV-1 E5 and E6 in a murine fibroblast tumour cell line (K-BALB). Like equine sarcoids, these murine tumour cells (BPV-KB) were of fibroblast origin, were tumorigenic and expressed BPV-1 proteins. As an initial investigation of the preclinical potential of this tumour model for equine sarcoids prophylactics, mice were immunized with BPV-1 E5E6 Venezuelan equine encephalitis virus replicon particles, prior to BPV-KB challenge, which resulted in an increased tumour-free period compared with controls, indicating that the BPV-KB murine model may be a valuable preclinical alternative to equine clinical trials.
Equine sarcoids are fibroblastic tumours that are the most common dermo-epidermal neoplasias in equids worldwide (Bogaert et al., 2008b; Nasir & Campo, 2008) . The prevalence of these tumours varies by study and has been stated to be 2-12 % in different populations, and tumours develop primarily in horses between 3 and 6 years old (Bogaert et al., 2008a) . These sarcoids do not metastasize, but they are often highly invasive at multiple sites and untreatable, which leads to the loss of valuable animals, with morbidity rates reported as high as 14 per 1000 horses (Campo, 2002; Mohammed et al., 1992) . Bovine papillomavirus (BPV) type 1 and less commonly type 2 and 13 DNA have been found in virtually all equine lesions (Lunardi et al., 2013; Otten et al., 1993) , making BPV the prime aetiological agent in equine sarcoids. Unlike BPV-1 infections in cattle that can cause non-invasive skin warts and benign fibropapillomas (Campo, 2002) , the invasive nature of equine sarcoid lesions makes the treatment of equine sarcoids challenging. Additionally, BPV infection of equines does not result in viral particle production, making the mode of transmission unclear and the use of virus particle-based vaccines unfeasible (Chambers et al., 2003) . As such, treatments have limited success, with conventional surgical excisions having 50-64 % recurrence rates (McConaghy et al., 1994) . Current treatment limitations in equine sarcoids, loss of animals and cost of equine studies indicate that an alternative model to evaluate preclinical therapies for equine sarcoids would be of great value.
Whilst treatments such as chemotherapies may halt sarcoid growth, they do not target the underlying viral infection. Hence, latent and/or persistent BPV infection can result in recurrences or lead to the development of new tumours. Therefore, vaccinations and immunotherapies have been explored that may stimulate the immune system to combat the causative viral infection. For instance, the Bacille de Calmette et Guérin (BCG) vaccination, is already used as an off-label treatment for peri-ocular sarcoids with a success rate of nearly 100 % (Klein et al., 1986) . However, BCG is less effective on other parts of the body, including the ventral abdomen, which is most common locale for sarcoids (Bogaert et al., 2008a) , and may induce severe side effects, including prolonged lymphangitis. A pilot study using the immunostimulant 5 % imiquimod also showed a positive influence on sarcoid regression (Nogueira et al., 2006) . However, topical treatment directly on tumours can be painful and require sedation. Whilst these immunotherapeutics are promising, prophylactic options could be more effective and easier to implement.
No preclinical mouse model exists in equine sarcoid research. Whilst early studies showed that BPV-1 could transform mouse cells (Laatikainen et al., 1990; Mäntyjärvi et al., 1988) , the antigens expressed or the use of vaccines to enhance immune responses to them was not evaluated. Thus, equine sarcoid research requires the use of horses or other equids to test treatments. Although vaccination experiments in horses are more predictive, they come with high costs, lack of standardization and high interanimal variation, which can make results hard to interpret. Therefore, a murine model would be highly beneficial, providing an affordable, standardized and fast model to allow evaluation of treatments prior to confirmation in horses. Therefore, the first aim of this study was to develop a tumour model in mice that mimics BPV-1-induced equine sarcoids, the second was to create a BPV-1 vaccine that was immunogenic in mice and the third was to evaluate the utility of our BPV-1 vaccine in this novel equine sarcoid-like murine tumour model.
In order to create an equine sarcoid-like mouse tumour model, K-BALB cells, murine fibroblastic sarcoma cells (Aaronson & Weaver, 1971) , were transfected with BPV-1 E5 and E6, which were chosen as they are the transforming proteins of BPV (Chambers et al., 2003) and their expression can lead to sarcoid development. K-BALB cells were used because of their high tumorigenicity and fibroblastic origin, and therefore BALB/c mice were used in tumour challenge experiments. BPV-1 E5 and E6 ORFs were amplified via PCR (Stratagene) with added restriction sites from sarcoid-derived BPV-1 DNA. Primers with restriction sites are presented in Table S1 (available in the online Supplementary Material) and gene products are shown in Table S2 . E5 and E6 were blunt-end cloned into pCR4 Blunt TOPO (Invitrogen). Next, E5 DNA was subcloned into pCEP4 (Invitrogen), under control of a cytomegalovirus promoter. E6 DNA was subcloned into pZeoSV2(+) (Invitrogen), under control of a simian virus 40 promoter. All plasmids were sequenced to confirm correct insert orientation. The BPV-KB cell line was generated by stably transfecting cultures of K-BALB cells sequentially with E5-pCEP4 and E6-pZeoSV2(+) using Lipofectamine 2000 (Invitrogen) and selection with hygromycin and/or zeocin. BPV-KB cells were clonally expanded in vitro from BPV-KB tumours in mice. All protocols were in accordance with institutional guidelines and approved by the University of Southern California Institutional Animal Care and Use Committee and Ghent University Ethical Committee (EC2010/166).
Specific-pathogen-free female BALB/c mice (6-8 weeks old; Harlan) were injected subcutaneously with 0.25610 5 -1610 6 BPV-KB cells (five mice per group) and tumour growth was recorded bi-weekly. One month after challenge, tumours were analysed for BPV-1 E5 and E6 expression. RNA was isolated using an RNeasy Minikit (Qiagen) and cDNA synthesis was performed using a SuperScript kit (Invitrogen). Finally, reverse transcription (RT)-PCR was performed with ImmoMix master mix (Bioline). A 'no reverse transcriptase' control for glyceraldehyde 3-phosphate dehydrogenase was used to check for successful removal of all DNA. Our results confirmed BPV-1 E5 and E6 expression in the resulting BPV-KB tumours in mice (Fig. 1a) .
As results have demonstrated that BPV-1 E5 can decrease antigen presentation through MHC class I (MHC I) downregulation in BPV-infected bovine cells Chambers et al., 2003; Marchetti et al., 2002) , the expression of MHC I on BPV-KB cells was evaluated. BPV-KB cells were stained with FITC-labelled anti-H2-D d (BioLegend) and analysed by flow cytometry. MHC I expression on BPV-KB cells was not reduced compared with WT K-BALB cells (Fig. 1b) . Importantly, this infers that BPV-KB cells are not impaired in their peptide presentation capabilities. Additionally, whilst equine fibroblast expression of MHC I is attenuated by E5, it is not abrogated (Marchetti et al., 2009) , allowing equine cells to similarly present peptides via MHC I. After subcutaneous injection, BPV-KB cells were tumorigenic in 100 % of mice and their growth varied with cell number: 0.5-1610 6 cells induced rapid growth and required euthanasia within 14 days, whereas 0.25-1610 5 cells induced delayed tumour onset (14 days after challenge) (Fig. 1c) . The MHC I expression and growth characteristics indicate that BPV-KB cells are not immunogenic enough to induce tumour regression despite the expression of BPV-1 genes and the ability to present antigen.
Next we sought to design a vaccine that could induce BPV-1 immune responses in mice. Possible targets of a vaccine against equine sarcoids are BPV-1 E5 and E6 because of their constitutive expression in all sarcoids with high mRNA expression (Bogaert et al., 2007; Chambers et al., 2003) . Furthermore, we have previously shown that Venezuelan equine encephalitis virus replicon particles (VEEVVRPs) can eradicate human papillomavirus type 16-expressing tumours in mice (Velders et al., 2001 ). Therefore, BPV-1 E5E6 replication-incompetent VEEV-VRPs were constructed by subcloning a fusion gene product comprising BPV-1 E5 and E6 into the replicon plasmid, pVR200 (Alphavax). Before subcloning, point mutations were inserted at the C terminus of E5 (Horwitz et al., 1988) and the four CxxC motifs of E6 (Thomas et al., 2006) , regions critical for proper gene function, in order to avoid transforming effects in the host and to enhance safety. http:// faostat.fao.org/site/339/default.aspx). Splenocytes from BPV-1 E5 E6 VRP-or empty VRP-vaccinated animals were co-cultured with peptide-stimulated LPS blasts (3 : 1). Cells were then treated with a Cytofix/Cytoperm Plus Fixation/Permeabilization kit (BD Biosciences). Next, cells were stained with allophycocyanin-anti-CD8a (BD Biosciences) followed by staining with phycoerythrin-anti-IFN-c (BioLegend) and analysed by flow cytometry. Our results demonstrate that the BPV-1 E5E6 VRP vaccination resulted in a higher proportion of CD8 + IFN-c + splenocytes than empty VRPs (Fig. 2a) .
Additionally, mice were vaccinated intramuscularly with BPV-1 E5E6 VRPs or GFP-VRPs and boosted 7 days later. Functional IFN-c-producing antigen-specific cells were detected 9 days after final BPV-1 E5E6 VRP vaccination via an IFN-c ELISPOT assay (BD Pharmingen). Freshly isolated splenocytes from BPV-1 E5E6 VRPvaccinated animals (n55 per group) were stimulated with various BPV-1 peptides and cells were added to IFN-c-coated plates. Next, plates were washed and incubated with biotinylated anti-IFN-c antibody followed by incubation with streptavidin-HRP (Sigma-Aldrich), and wells were developed and counted. The E5 1-18 , E5 10-27 , and E5 19-36 peptides induced significantly higher IFN-c production in mice immunized with BPV-1 E5E6 VRPs compared with control VRPs (Fig. 2b) , demonstrating the ability of the BPV-1 E5E6 VRP vaccine to induce a BPV-specific T-cell response in mice.
To determine the value of the BPV-KB tumour model in evaluating equine sarcoid prophylactics, BALB/c mice were vaccinated twice with a 14 day interval with BPV-1 E5E6 VRPs (n510) or GFP-VRPs (n55). Ten days after vaccination, mice were challenged subcutaneously in the right flank with 0.25610 5 BPV-KB tumour cells. Throughout the duration of the experiments, tumour growth was monitored bi-weekly for 6 weeks. All mice developed tumours irrespective of the vaccine. Whilst no difference in survival was observed (data not shown), our results demonstrated that the tumour-free period was significantly longer in BPV-1 E5E6 VRP-vaccinated mice compared with GFP-VRP-vaccinated animals (P,0.05; log-rank test) (Fig. 3) .
The BPV-1 protein-expressing equine sarcoid-like murine cell line described herein is of fibroblastic origin, and constitutively expresses BPV-1 E5 and E6, inducing progressively growing tumours in the flanks of mice. With this model, prophylactic and therapeutic evaluation of candidate vaccines against equine sarcoids can be performed in a standardized, fast and convenient manner. In vivo studies may thus only be required in horses, the target species, in the second phase of testing. The observed tumour growth in mice suggests that the BPV-1 antigens in BPV-KB cells are not immunogenic enough to induce spontaneous tumour regression, warranting testing of BPV vaccines in this model. One explanation for the poor recognition of these tumour cells by the immune system is that there may be relatively low expression of tumour-associated antigens. In the current study, E5 and E6 transfection resulted in high mRNA expression, which suggests that low antigen expression may not explain the lack of anti-BPV-KB immune responses.
BPV-KB challenge experiments in BALB/c mice showed that a longer tumour-free interval was achieved when mice were vaccinated with BPV-1 E5E6 VRPs compared with GFP-VRPs. Nevertheless, all animals developed tumours. These results point to a limited effect of this particular vaccine. This could possibly be explained by the insertion of point mutations in the BPV-1 E5E6 fusion protein prior to the production of VRPs to enhance safety for use in horses as the locations of the mutations in the E5 C terminus (aa 36 and 38) were in two predicted epitopes (E5 19-36 and E5 28-44 ), and one of the CxxC motifs in E6 (106-CxxxC-109) was in a predicted epitope (E6 [105] [106] [107] [108] [109] [110] [111] [112] [113] ).
In conclusion, the novel BPV-KB murine equine sarcoidlike tumour model that expresses BPV-1 E5 and E6 may be used as an in vivo screening tool to obtain proof-ofconcept of candidate vaccine/immunotherapy treatments prior to evaluation in horses. In the future, the evaluation of vaccinations post-challenge in a therapeutic setting could further improve this promising preclinical model. Although our VRP-based vaccine did not result in survival benefits, the results highlight the potential utility of the BPV-KB model in the preclinical evaluation of such equine sarcoid prophylactics and therapeutics. Only peptides inducing IFN-c production significantly higher than GFP-VRP-vaccinated mice are shown. **P,0.01, ***P,0.001 (t-test).
